Abstract We re-evaluated a method to estimate water stress changes as a function of increasing global mean temperature. Trends in the total population under high water stress (defined as when the annual water withdrawal divided by the annual water availability is higher than 0.4) now and in the future (total HWSP) and the population exposed to high water stress in the future but not now (add_HWSP) are dependent on differences in each scenario, not the global mean temperature increase. The ensemble mean of the total HWSP and its ratio for emissions scenarios A1B and B1 are close to constant values and decreased when the global mean temperature increase exceeded 1.9°C and 1.3°C, respectively. If the global mean temperature increase reaches a maximum ensemble-mean value in each scenario, the total HWSP (its ratio) in scenarios A1B, A2 and B1 was about 4.5 billion (0.54), 8.6 billion (0.64) and 4.1 billion (0.49), respectively. We estimated the contributions of climate change to runoff, water withdrawal and population growth on total HWSP and add_HWSP to separate the influences of climate change and socio-economic change. Climate change and socio-economic factors (water withdrawal and population growth) decreased and increased add_HWSP, respectively.
function of an increase of global mean temperature using a single general circulation model (GCM). According to their results, the number of people affected by a shortage of water will abruptly increase if global mean temperature increases by 1.5-2.0°C from now until 2080. They insisted that we need to reduce emissions to significantly decrease the number of individuals at risk. However, their evaluation of critical climate change threats and water shortage did not account for uncertainty of the GCM output (using only one GCM), the impact of anthropogenic changes and water withdrawal as a proportion of water availability. The fourth report of the Intergovernmental Panel on Climate Change (IPCC 2007) illustrates the impact of each sector as a function of global mean temperature. A water stress evaluation by global mean temperature could also help set the target for reduction in emissions. However, this evaluation of water stress as a function of global mean temperature has not been illustrated within the uncertainty of the evaluations made so far. Shen et al. (2014) investigated world water resource stress in the Special Report on Emission Scenarios (SRES; IPCC 2000) and evaluated the number of people living in highly water-stressed basins. The highly water-stressed population (HWSP) included approximately 2.53 billion people. This number will increase in the future and possibly double by 2050 according to SRES scenarios A1B, A2 and B1. They determined that population growth and socioeconomic development are the major causes of increasing stress on world water resources. Climate warming could mitigate world water stress to a limited extent. However, these results were a function of time not global mean temperature. An assessment of HWSP considering global mean temperature and socio-economic development is necessary, because it aids understanding of how much we should reduce CO 2 emissions. Recently, Parish et al. (2012) developed a simple method to estimate the water stresses based on changes in climate and population. Their study provided a framework for combining climate model and population data into a form that may be useful for water planning. This kind of simple method is useful in the case of only a limited statistical dataset, but in their study, we can point out the lack of evaluation of the uncertainty of the GCM itself, consideration of economic changes, and viewpoint of the relationship between water stress and global mean temperature increase from current.
The purpose of this study was to re-evaluate the method for estimating water stress dependence on the global mean temperature increase and the contributions of climate change, population growth and economic growth to HWSP. This re-evaluation could be helpful in supporting policy-making decisions. We present a multi-GCM analysis of the global and regional populations living in highly water-stressed basins as a function of global mean temperature using socio-economic data, multi-model GCM outputs and multiple scenarios.
DATA SOURCES AND METHODOLOGY
Various sources of socio-economic data are utilized for estimation of the geographical distribution of current water withdrawal and the projection of future change. Country-based statistical data of water withdrawal by each water-use sector from AQUASTAT (2012), a global database on water use, were used to estimate the geographical distribution of current water withdrawals. An irrigation area map (Döll and Siebert 2002) and our state-of-the-art gridded urban/ rural population dataset, which was generated by referencing the Oak Ridge National Laboratory's (ORNL) Landscan 2002 dataset, the UN's urban/ rural ratio data for 2003 and a global land-cover dataset based on MODIS satellite data (Bengtsson et al. 2007) , were utilized.
For future projections, SRES-based datasets, such as those for population, GDP, total energy and electricity consumption/production, and other data from various organizations were used. For the population data, we used our 0.5 o gridded dataset (Bengtsson et al. 2007) based on country-level population data (CIESIN 2002a (CIESIN , 2002b , downscaled from SRES regional forecasts. The country-based GDP dataset downscaled from regional forecasts of the SRES, was also provided by CIESIN (2002c) . The GDP and industrial GDP percentage data for each country reported in the World Development Indicators 2005 (World Bank 2005), country-based statistical data on population, and electricity and total energy consumption for 1980-2000 were used to develop the method for estimating future industrial water withdrawals.
The future simulation results of six GCMs-NASA/Goddard Institute for Space (USA), CCSR/ NIES (Japan), Max Planck Institute for Meteorology (Germany), MRI (Japan), NCAR (USA) and Hadley Centre for Climate Prediction and Research, MetOffice (UK); see Table 1 -based on the three IPCC SRES scenarios (A1B, A2 and B1) were used to analyse the availability of freshwater resources under climate warming. For the estimation of the water resources in the future, we used the river discharge obtained using Total Runoff Integrating Pathways (TRIP; Oki and Sud 1998) data, which was calculated by six GCMs based on the different SRES scenarios. For estimation of the present river discharge, the Second Global Soil Wetness Project (GSWP2; Dirmeyer et al. 2006 ) runoff data were used.
Water withdrawals (agriculture water, domestic water and industrial water) were predicted as follows:
We estimated future agricultural water withdrawal based on increases in irrigated land use and change in irrigation intensity (annual irrigation quantity per unit area) for each country according to Shen et al. (2008) . Increase in irrigated land was found to be linearly correlated with population growth during the period 1960-2000 (Shen et al. 2008, Figure 4) . This growth will be limited by cropland availability, which we assume cannot increase. However, the increase in irrigated fields will also be restrained by population growth. Non-agricultural land requirements, such as land for residential, traffic, environmental and recreational uses, will definitely increase with population growth. Therefore, we set a limiting factor to each grid by considering the limitation of arable land and necessary non-agricultural land requirement due to population density change. In this study, we set the minimum necessary land for non-agricultural purposes as 150 m 2 per capita. Irrigation water diversion efficiency and irrigation intensity (in mm/ha) have opposing effects on water withdrawal for agricultural use. Here, we simply assume that the integrated result of these two factors will not change.
For prediction of industrial water demand, we assumed that the factor of change of the quantity of industrial water demand was a combination of changes of industrial scale and water use efficiency, and then predicted the quantity of future industrial water demand by multiplying the current industrial water demand by the growth rate of industrial scale relative to the present, and the coefficient of water use efficiency improvement. The growth rate of industrial scale of a country is usually measured by the industrial GDP (gross domestic product). However, the socio-economic scenarios set by SRES do not include detailed prediction of the GDP share of the industrial sector. Instead, Shen et al. (2008) found that electricity consumption has a significant linear correlation with industrial GDP and can be used as a measure of industrial scale. We adopted electricity consumption growth as the indicator of change of industrial scale. However, industrial water use does not necessarily increase linearly with industrial growth (e.g. Jia et al. 2006) . Shen et al. (2008) set a coefficient to account for the effect of industrial restructuring and water use efficiency improvements. They assumed that industrial restructuring and water use efficiency change are reasonably reflected by the change in energy consumption intensity. So, they set the change rate of energy consumption intensity as the indicator for the restructuring and improvement rate of water use efficiency. The industrial water withdrawal of each country was distributed from the national withdrawal data obtained from the AQUASTAT (online database, 2000) used by the FAO (Food and Agriculture Organization of the United Nations). First, we assumed the spatial distribution of industrial water withdrawal is proportional to the urban population within that country; then, the industrial withdrawal was distributed spatially to each grid in proportion to the urban population, initially at a fine spatial resolution of 3-min, then aggregated to 0.5°grids. We applied a future GDP prediction to the approximation curve of the relationship between GDP and current domestic water withdrawal, and then obtained the future domestic water demand according to Shen et al. (2008) . Considering the economic development scenarios using GDP per capita, Utsumi (2006) proposed that future domestic water use intensity was projected by population and GDP scenarios. An equation was obtained by investigating the log-log scatterplot of economic level (as GDP per capita) and domestic water withdrawal intensity (m 3 capita -1 year -1
) of all countries in 1990. Current total quantity of water withdrawal was defined as the quantity of water withdrawal by country in 2000. The quantity of water withdrawal in each country was obtained from AQUASTAT. The agricultural water demand was distributed in each grid with the distribution map of the areas of irrigation farmland (Döll and Siebert 2002 , version is 2.1). However, the domestic and industrial water demands were distributed in each grid based on with the population distribution map. The calculation of water stress was carried out for every river basin. That is, we regard the annual discharge at the river mouth as the available water resource of a given river basin, and the water withdrawal quantity over the river basin as the water demand on water resources over the river basin.
The global mean temperature outputs of the six GCMs were used to indicate the future global mean temperature change in the world. The future global mean temperature change is calculated by subtracting the present global mean temperature from the future global mean temperature. We also used the runoff (total runoff value) outputs of the six GCMs to estimate the future potential change in water resources supply. Using the same method as Shen et al. (2014) , we averaged the 30-year GCM predictions at each time slice to minimize inter-annual variability. The differences from the present time slice of the annual global mean temperature and runoff at 0.5°grids in the 2020s (2010-2039), 2050s (2040-2069) and 2070s (2070-2099) , simulated by each GCM, were then treated as the change due to global warming. To obtain the spatial distribution of future runoff, these changes were added to the 10-year mean runoff data of the Global Soil Wetness Project 2 (GSWP2) multimodel products, generated by ensemble mean of 13 land surface models (LSMs) from various worldwide organizations using a unique forcing dataset (see Diemeyer et al. 2006) . Recently, some multi-model products have become available. To compare the results of Shen et al. (2014) , we selected the product of GSWP2. We did a simple bias correction named the delta-change approach. First, we calculated the difference between each GCM's output in a specific future period and the output for 1961-1990; we called this difference CHANGE. Then, we added CHANGE (the differences simulated by each GCM) to the results of GSWP2 to obtain the water availability in the future period.
There are two widely-used water stress indices that can be used to assess the world water resources condition from the viewpoint of water stress. One index is the so-called withdrawal-to-availability ratio, defined as the annual water withdrawal (W) divided by annual water availability (Q) at basin scale, W/Q, where the W is annual water withdrawal by agricultural, industrial and domestic sectors, and Q is annual renewable freshwater resources (e.g. Falkenmark et al. 1989 , WMO 1997 , Vörösmarty 2000 . Usually, the extent of water stress is categorized as no-stress (W/Q ≤ 0.1), low stress (0.1 < W/ Q ≤ 0.2), moderate stress (0.2 < W/Q ≤ 0.4), and high stress (W/Q > 0.4). This classification was used by WMO (1997), Vörösmarty et al. (2000) , Alcamo et al. (2003 Alcamo et al. ( , 2007 , Cosgrove and Rijsberman (2000) , Oki et al. (2001) , and Alcamo et al. (2007) , and the W/Q index has the advantage of reflecting the integrated effects of both the pressure from human society (the demand side) and the hydrological system (the supply side).
Another widely-used index is the water scarcity index, which is defined as per capita water availability (Q/c, annual freshwater resource divided by population at river basin scale, in m 3 capita -1 year -1
). The water scarcity index Q/c is the inverse of the original Falkenmark water crowding indicator (the number of people sharing one flow unit of blue water, Falkenmark and Rockström 2004) . We adopt the commonly-used classification of water stress extent for Q/c: no stress (Q/c > 1700 m 3 capita -1 year -1 ), moderate stress (1000 < Q/c < 1700 m 3 capita -1 year -1 ), and high stress (Q/c < 1000 m 3 capita -1 year -1 ). Sometimes, a river basin with Q/c less than 500 m 3 capita -1 year -1 is marked as extreme stress. Many studies have used this classification, such as Arnell (1999 Arnell ( , 2004 , Alcamo et al. (2003 Alcamo et al. ( , 2007 , UNEP (2004) , Oki and Kanae (2006) , Alcamo et al. (2007) . The advantage of this index is its simplicity, the only relevant parameters are population and water availability. But it cannot reflect other factors influencing the water resources situation, e.g. water use and management technologies.
In this study, we used a water stress index defined as the annual water withdrawal divided by the annual water availability at the basin scale, and called W/Q.
TOTAL HWSP AND ADD_HWSP AS A FUNCTION OF GLOBAL MEAN TEMPERATURE INCREASE
Total HWSP and its ratio (the calculated total HWSP divided by global population) in the world were estimated as a function of global mean temperature ( Fig. 1(a) and (b)). Social elements (population, GDP) were also recalculated as a function of global mean temperature increase (e.g. Fig. 2 ) and W/Q distributions in the present and future for each scenario are also shown (Fig. 3 ). The maximum global mean temperature increase was different for each scenario, because it depended on the predicted global mean temperature from the GCM output for each scenario. So the horizontal error bars were indicated from multi-model GCMs. Uncertainties in a climate model are illustrated with horizontal and vertical error bars by using the multi-model GCMs. In the global assessment, the ensemble-mean increase in total HWSP for Scenario A2 was larger than that for other scenarios, which agreed with the results of Oki and Kanae (2006) . Values of the ensemble-mean of total HWSP and its ratio were almost the same for scenarios A1B and B1, and decreased when the global mean temperature increase exceeded 1.9°C and 1.3°C, respectively. However, for Scenario A2, values were higher than for scenarios A1B and B1. This implies that population in the region where the HWSP is already high increases more than where the HWSP is low now. If the global mean temperature increase reaches a maximum ensemble-mean value in each scenario, the total HWSP (its ratio) in scenarios A1B, A2 and B1, is about 4.5 billion (0.54), about 8.6 billion (0.64), and about 4.1 billion (0.49), respectively. In Fig. 1 (c) we illustrate add_HWSP relative to add_HWSP derived using the global mean temperature function of Parry et al. (2001) , which is the exposed potential high water-stressed population, overlapped on the curve indicated by Parry et al. (2001) . The shape of the black dashed and solid lines in Fig. 1(c) is strongly controlled by the high value of add-HWSP in Scenario A2. In Figure 1 of Parry et al. (2001) , there is a sigmoidal shape. This difference should be caused by the distribution of the scenarios. When we only see the curve connecting the average value of each scenario (i.e. without uncertainty), a major change occurs around 2.5°C. We might say that the critical point has shifted to a warmer global mean temperature, but the influence of differences between scenarios is dominant, because the distribution of the points can clearly be divided into each scenario and can be explained by the uncertainty of multi-GCMs. To avoid misunderstandings from this kind of analysis, it is necessary to consider using the multi-GCMs. From this analysis, the ratios of the add_HWSP in each country were calculated. Because it was considered that the socio-economic effect in China will be great, we show the add_HWSP both including and excluding China in Fig. 4 . The add_HWSP in Scenario A2 only clearly showed a difference of influence of China, which is strongly related to the population increase and economic growth.
Whether water stress will become better or worse in the future is more useful information than the water stress index value itself. Table 2 shows the ratio of global population living in regions where water stress becomes worse or better in the future (2070s for Scenario A1) relative to the present, in each bin of the present water stress index (W/Q). For example, the value in the box with horizontal axis from 0.0 to 0.2, and vertical axis is from 0.0 to 0.1, means the ratio of population living in regions where present water stress is 0.0-0.2, and the subtraction of present water stress from that in the 2070s is 0.0-0.1. A positive value from the subtraction (vertical axis) means that the water stress will become worse. In fact, 93.4% of all populations live in a region where the water stress will become worse. However, it would still be unwise to conclude from this result that the change of renewable water freshwater resources by climate change results in worse W/Q. The GCM simulations based on the SRES include not only climate change but also socioeconomic change.
SENSITIVITY ANALYSIS OF CLIMATIC AND SOCIO-ECONOMIC FACTORS ON HWSP
In Section 2, we showed water stress in the future and its change, which implied that the the water Fig. 4 Plot of the highly water-stressed population (add_HWSP) over the world with and without China, vs the global mean temperature warmer than present in the 2070s. 12.9 6.0 12.9 3.8 18.9 Present water stress (W/Q) stress index included not only the societal change on climate but society impacts. Here, we show the sensitivities of the effects of climate and society on water stress in the future. To indicate the sensitivities of climate change and socio-economic factors for add_HWSP, we estimated add_HWSP in each scenario when each factor (discharge, population and water withdrawal) was set to the present level (Fig. 5) . We used the ensemble-mean of outputs of multi-GCMs for input to these estimations. In Fig. 5 , the sensitivities of each factor to add_HWSP are shown as the difference between the add_HWSP lines of each fixed factor and the add_HWSP line along each scenario (bold line). The sensitivity of the add_HWSP value to climate change, population, and water withdrawal are indicated.
The sensitivities of population and water withdrawal to an increase in add_total HWSP were positive in each scenario. The sensitivity of population to an increase in add_HWSP was similar to the sensitivity of water withdrawal in scenarios A2 and B1. The sensitivity of population to an increase in add_HWSP was about 24% of the sensitivity of water withdrawal. According to population change in scenarios A1B and B1 (Figure 1 of Shen et al. 2008 ), the population is predicted to become constant at around +1.0 to +1.5°C in about 2050 (not shown). However, the priority in scenarios A1B and B1 is the economy and the environment, respectively. The increase in water withdrawal could be restricted by the rapid development and transfer of new technology and energy considering the world environment in Scenario B1. Antithetically, in the case that we think the economy is more important than the environment based on Scenario A1B, the sensitivity of population to an increase of add_HWSP is smaller than the water withdrawal.
To evaluate the sensitivity to an increase in add_HWSP from each factor objectively, we tried to explain the ratio (contribution) of each factor in each scenario in the 2070s. It is expressed as: 
where Ecq, Eww and Epp represent the ratio to an increase in add_HWSP from climate change, water withdrawal and population growth, respectively. The subscripts Q_fixed, W_fixed and P_fixed in equations (1), (2) and (3) refer to the fixed element (discharge, water withdrawal and population, respectively) at the present level. These ratios are shown as explanatory variables in Fig. 6 . As shown in Fig. 5 , the changing climate acts upon a decrease in the add_HWSP in each scenario. It is clear that the effect of world population growth in Scenario A1B is smaller than that of A2. Because we predicted total HWSP and add_HWSP for each country converted from the basin scale, we showed which factor contributes to an increase in the water-stressed population of each country in the future. The spatial distribution of the ratios for each factor in each SRES scenario in the 2070s is shown in Fig. 7 . In addition, total HWSP, add_HWSP and the ratio of each sector in each country for each scenario are listed in Table 3 . Roughly speaking, climate change reduced the add_HWSP. In contrast, the sensitivities to water withdrawal and population growth are dominant. Interestingly, the distribution of the ratio of water withdrawal in the USA, Australia and Kazakhstan contributed to reduce add_HWSP. This feature indicates that water usage efficiency should be sufficiently realized in the future. Additionally, we can say that the climate change-induced discharge reduces the add_HWSP in Russia, India and China, but human activities may make the add_HWSP Fig. 6 Plot of the sensitivities of changing climate, water withdrawal and population variability for add_HWSP (highly water-stressed population) vs the global mean temperature warmer than present in the 2070s. Blue, green and red lines indicate the contribution ratio to add_HWSP by changing climate, water withdrawal and population, respectively. Solid, dashed and dotted lines represent the values in scenarios A1B, A2 and B1, respectively. Fig. 7 Sensitivity of the highly water-stressed population (add_HWSP) in the 2070s to each factor (CC: climate change; WU: water withdrawal; and POP: population growth): (a-c), (d-f), and (g-i) are estimated under scenarios A1B, A2 and B1, respectively. Blue and red indicate contribution to reduction and increase in add_HWSP, respectively. Table 3 List by country of the total highly water-stressed population (HWSP) at present, the highly water-stressed population (add_HWSP), the predicted population, and the contribution ratio of climate change (CC), water withdrawal (WU) and population growth (POP) to add_HWSP under the SRES scenarios A1B, A2 and B1 in the 2070s. Unit of HWSP is million persons and % is percentage of country total population. increase, except for the case of China in SRES Scenario A1B. Also, almost all African countries have similar characteristics to the above. Of course, it is necessary to improve the separation of the effects of population and water withdrawal, but such information, generated for individual countries, should help in policy making for adaptation to climate change using the cooperation between the countries or regions regarding the techniques of effective usage (e.g. saving water, storage of water) and appropriate distribution of water resources.
SUMMARY
We re-evaluated the method for estimating water stress, which depends on a relationship with global mean temperature increase and indicated the uncertainty of the GCM output. The trends in total HWSP and add_HWSP are largely dependent on differences in each SRES emissions scenario, including the socio-economic factors, but not on global mean temperature increase.
We also carried out a sensitivity analysis of climate change, water withdrawal and population growth on the total HWSP and add_HWSP. We concluded the following:
1. Total HWSP and add_HWSP are shown as a function of global mean temperature increase using the socio-economic data and output of multi-models under several SRES scenarios. These estimations are shown containing the uncertainty of GCM outputs. Interestingly, the ensemble-mean of add_HWSP increased rapidly similar to the result shown in Parry et al. (2001) , but the reason for this was due to the differences in socio-economic variance within each scenario and the uncertainty of global mean temperature and runoff of a climate model. Moreover the necessity of using multi-GCMs to avoid such misunderstanding was shown. 2. The sensitivities of climate change, water withdrawal, and population growth to add_HWSP were evaluated. On global average, the climate change effect on discharge reduces add_HWSP. 3. Understanding the impct of these sensitivities related to anthropogenic activity are important to avoid high water stress.
In the analysis of this study, we did not carry out the estimation of water stress under SRES Scenario B2, because the main purpose is to re-evaluate the results of Shen et al. (2008) and to show water stress as a function of global mean temperature increase. Given the results that the estimation of water withdrawal under SRES Scenario B2 is similar to that under Scenario A1B (Shen et al. 2008) , it is probable that the total HWSP and add_HWSP under Scenario B2 will be similar to the results for Scenario A1B. As mentioned, Parry et al. (2001) and Arnell et al. (2002) evaluated the risks of water shortage. Their studies used a single GCM model and did not consider human activities, except for population change and river basin scale. Arnell et al. (2011) assessed the implications of climate policy for exposure to water resources stresses; they used four GCMs for the climate patterns and indicated the uncertainties of the GCMs itself. Two emissions scenarios were prepared and the ADAM socio-economic scenarios (Bouwman et al. 2006) were utilized. An impact on water resources was shown, but their results were not plotted as a function of increasing global mean temperature. Recently, Parish et al. (2012) developed a simple method to estimate the water stresses relating to the combination of population change and water demand, but the uncertainty of simulation was not shown. In the present study, the advantage is that we indicate the uncertainties of GCMs and how in the future some social and economic factors affect the risk of water resources shortage.
Our method is simple and it is impossible to completely separate the contribution of population and water withdrawal to the total HWSP and the add_HWSP, because we consider the population variability when we estimate the water withdrawal. Even the agriculture withdrawal includes the population variability when we estimate the future irrigation area (Shen et al. 2008) . To separate the contribution of human impacts, it is necessary to improve our method, and a socio-economic model may be useful.
We have only considered annual values, and not the seasonal variability of total HWSP and add_HWSP. We need to focus on seasonal changes, because river discharge and water withdrawal, particularly agricultural withdrawal, vary seasonally. A water-stress assessment considering seasonal variability has been conducted in some other studies (e.g. Hanasaki et al. 2008a , 2008b , van Beek et al. 2011 , but an estimate of water stress in the future using the multi-GCM has not yet been conducted. The future task is to calculate total HWSP and add_HWSP using multi-GCM and several scenarios on not only a monthly scale but also with indicators for each grid cell rather than at the basin scale or country scale. Moreover, human activity, such as dam operations, should also be considered for this kind of water-stress assessment. Additionally, we must consider the evolution of technological improvements to human water security (Vörösmarty et al. 2010) .
The purposes of this study were to re-evaluate the method for estimating water stress dependence on a global mean temperature increase and to evaluate the contribution of socio-economic and climate changes. The results suggest that socio-economic changes contribute to water resources, that society should improve its abilities of adaptation for climate change using the cooperation between the countries and regions and the development of appropriate distribution of water resources, and that we should closely observe changes in socio-economic situations in the future.
